Preovulatory LH and FSH surges and the subsequent periovulatory FSH surge were studied in heifers treated with a single injection of GnRH (100 mg, n 5 6) or saline (n 5 7). Blood samples were collected every hour from 6 h before treatment until 12 h after the largest follicle reached $ 8.5 mm (expected beginning of follicular deviation). The GnRH-induced preovulatory LH and FSH surges were higher at the peak and shorter in duration than in controls, but the area under the curve was not different between groups. The profiles of the preovulatory LH and FSH surges were similar within each treatment group, suggesting that the two surges involved a common GnRH-dependent mechanism. Concentrations of FSH in controls at the nadir before the preovulatory surge and at the beginning and end of the periovulatory surge were not significantly different among the three nadirs. A relationship between variability in the periovulatory FSH surge and number of 5.0 mm follicles was shown by lower FSH concentrations during 12 -48 h after the beginning of the surge in heifers with more follicles (11.0 6 1.0 follicles (mean6S.E.M.) n 5 7) than in heifers with fewer follicles (5.7 6 0.4, n 5 6). This result was attributed to increased FSH suppression from increased numbers of follicles reaching 5.0 mm. Grouping of heifers into those with longer vs shorter intervals from a 4.5 mm to an 8.5 mm largest follicle did not disclose any relationship between length of the interval and FSH characteristics (e.g. profile of surge, area under curve, FSH concentrations at specific events). The hypothesis of a relationship between variation in the periovulatory FSH surge and variation in follicular dynamics was supported for the number of 5.0 mm follicles but not for the hour the largest follicle reached 8.5 mm. Thus, the expected time of follicle deviation was not altered by the extensive variation in the wave-stimulating FSH surge.
Introduction
In cattle, a gonadotropin-releasing hormone (GnRH) surge stimulates the release of the preovulatory luteinizing hormone (LH) surge (Yoshioka et al. 2001) . A surge in circulating follicle-stimulating hormone (FSH) concentrations occurs at the time of the LH surge, but the profiles of the surges apparently have not been compared statistically between the two gonadotropins; similarity would indicate that the two surges result from a similar or the same mechanism. The peak of the preovulatory surges of LH and FSH occurs a little more than one day before ovulation. At approximately the peak of the preovulatory LH and FSH surges, circulating concentrations of estradiol begin to decline, and toward the end of the estradiol decline another surge in FSH begins (Taya et al. 1991 , Bergfelt et al. 1997 . The FSH surge that occurs after the preovulatory surge has been termed the second or secondary FSH surge (Turzillo & Fortune 1990 , Bergfelt et al. 1997 ). We will use the term periovulatory FSH surge or increase as in a previous report (Austin et al. 2002) for the following reasons: (i) the surge encompasses ovulation in individuals; (ii) the term secondary does not reflect the physiological importance of the surge in initiating a follicular wave; and (iii) the term obviates confusion with the use of second FSH surge (Kulick et al. 2001) for the second follicular wave.
Within 20 min of treatment during the follicular phase, a single injection of 100 mg GnRH stimulates a surge of LH followed by ovulation of the dominant follicle (Lucy & Stevenson 1986 , Pursley et al. 1995 ). It appears from inspection of data profiles that the preovulatory surge of LH induced by a GnRH injection is shorter than the natural preovulatory LH surge, but critical studies are lacking. There is an FSH surge associated with the LH surge following the GnRH treatment. The induced FSH surge has been studied during the luteal phase (Chenault et al. 1990 ) but has received limited consideration during the follicular phase or the time when GnRH is used in synchronization protocols. In one study (Bodensteiner et al. 1996) , comparisons of the natural and induced FSH surges were precluded because the preovulatory and periovulatory FSH surges were not delineated adequately as separate surges by the 8 h interval between blood sampling. It is not known if the GnRH-induced preovulatory LH and FSH surges affect the shape of the periovulatory FSH surge or the associated follicles. Bodensteiner et al. (1996) reported that inducing ovulation with GnRH increased the number of 5 mm follicles in the periovulatory follicular wave, indirectly suggesting that the periovulatory FSH surge may have been altered by the exogenous GnRH.
The degree of separation between the preovulatory and periovulatory surges in the profiles of mean FSH concentrations varies considerably among reports, primarily because of differences in the length of the interval between blood samples. Somewhat analogous to detecting the peak of the preovulatory surge, detecting the nadir requires frequent sampling. In studies with sampling at 8 h intervals, the mean nadir apparently was not approached or was not distinguishable (Bodensteiner et al. 1996) . When blood samples were taken every 2-6 h (Turzillo & Fortune 1990 , Sunderland et al. 1994 , Bleach et al. 2001 , the nadir did not appear to be attained consistently among studies.
Information on the relative roles of the two FSH surges in the initiation of the first follicular wave of the estrous cycle is limited, at least partly because the temporality between follicles and the intersurge nadir was obscured by the inadequate demonstration of the nadir. Results of a study involving administration of charcoal-extracted follicular fluid and sampling at 4 h intervals was interpreted to suggest that the periovulatory surge was important for wave initiation (Turzillo & Fortune 1990) . However, the nadir between surges in the controls was not well defined.
The periovulatory FSH surge begins to decline when the largest follicle is about 5 mm (for a review see Ginther et al. 2001) . Follicle selection during a follicular wave involves deviation in diameters between the future dominant and subordinate follicles and begins in cattle when the largest follicle is a mean of 8.5 mm. Mean FSH concentrations continue to decline for less than 1 day after the beginning of deviation. Studies involving minimizing or preventing the FSH decrease have indicated that a low concentration of FSH is an essential component of the deviation process. Circulating FSH concentrations encompassing deviation have been studied at 1 h intervals from just before the beginning of deviation but apparently no studies have been done using a similar frequency of sampling for the entire periovulatory surge. Except for the studies on follicle/FSH relationships when the largest follicle is about 4.0, 5.0 and 8.5 mm, the functional interrelationships between the wave and surge have been given limited attention. The extent of variation in the wave-stimulating FSH surge apparently has not been studied. It is not known whether variations in FSH dynamics or shape of the surge are related to number of follicles of the wave, growth rate of follicles, or time of occurrence of deviation.
To investigate the regulation of follicular growth in the first wave of the estrous cycle we tested the following two hypotheses: Hypothesis 1 -on a temporal basis, the periovulatory surge alone accounts for the emergence of the wave; and Hypothesis 2 -variation in the periovulatory FSH surge is related to variation in the characteristics of the periovulatory follicular wave, including number of follicles in the wave, growth rate of follicles, and time of occurrence of deviation. To undertake this investigation, we measured hormones and follicular growth characteristics in normal cycles and in animals with ovulation induced by GnRH treatment. The GnRH-treated group was included in an attempt to increase the variability of the periovulatory FSH surge, so that follicular response to exaggerated FSH variability would be included. Secondarily, the GnRH-treated group provided the opportunity to compare and contrast natural LH and FSH preovulatory surges with GnRH-induced surges and the associated estradiol concentration changes.
Materials and Methods

Treatments and data collection
Nulliparous Holstein heifers ranging in age from 18 to 36 months and weighing 520-650 kg were used. The feeding program and the equipment and techniques for transrectal ultrasound scanning of ovaries and measuring follicles have been described . At 5 or 6 days after the pretreatment ovulation, all heifers were administered two 25 mg injections (12 h apart) of prostaglandin (PG)F2a (Lutalyse; Pharmacia Corporation, Peapack, NJ, USA) to regress the corpus luteum. Thirty-six hours after the first PGF2a injection, heifers were randomly assigned to be treated (i.m.) with a single injection of 100 mg GnRH (Cystorelin; Merial Limited, Athens, GA, USA (GnRH group, n ¼ 6) or physiological saline as a control (saline group, n ¼ 7). Follicle development was monitored by transrectal ultrasonography every 6 h from the time of GnRH or saline treatment until ovulation and thereafter every 12 h until 1 day after detection of an 8.5 mm largest follicle. Hourly blood sampling began 6 h before GnRH or saline treatment and continued until 12 h after the expected beginning of follicle deviation as indicated by a largest follicle of 8.5 mm. The duration of hourly sampling ranged from 4 to 5 days and was intended to extend from before the onset of the preovulatory LH and FSH surges until after the beginning of follicle deviation during the periovulatory FSH surge . To facilitate blood sampling, an indwelling jugular catheter was used as previously described (Ginther et al. 1998 ).
Blood samples were collected into heparinized tubes and immediately refrigerated at 4 8C. Within 24 h of collection, plasma was separated by centrifugation, decanted into storage vials and stored at 2 20 8C until assay.
Hormone assays
Plasma LH and FSH were measured by RIAs as previously described (Bolt & Rollin 1983 , Bolt et al. 1990 ) and modified for use in our laboratories . Assay of LH used NIDDK-anti-oLH-1 as the primary antibody and USDA-bLH-B6 as both the standard and radiolabeled protein. Interassay and intraassay coefficient of variation (CV) values were 16.7 and 11.6%, with 10 and 90% binding at 40 and 0.16 ng LH/ml respectively. Assay of FSH used NIDDK-anti-oFSH-I-2 as the primary antibody and USDA-bFSH-I-2 as the standard and radiolabeled protein.
Interassay and intraassay CV values were 11.2 and 5.3%, with 10 and 90% binding at 5.00 and 0.03 ng FSH/ml respectively. Plasma estradiol concentrations were measured using modifications of a commercial estradiol RIA kit (Third Generation Estradiol Assay Kit; Diagnostics Systems Laboratories Inc., Webster, TX, USA) previously verified for use in cattle . The interassay and intraassay CV values were 17.6 and 14.6% respectively, with 10 and 90% binding at 40.0 and 0.3 pg estradiol/ml respectively.
Definitions
The hours of onset and end of preovulatory surges were calculated and used for comparisons between surges and treatments and for studying the hours of events and area under the curve. The onset (or end) of the preovulatory LH and FSH surges were defined as occurring at the sample hour before two consecutive samples with concentrations above (or below) the average hormone concentration of the first six pretreatment samples plus 2 £ S.D. of the six pretreatment samples. The nadir preceding the natural preovulatory LH surge was obscured in some heifers and was not used as a reference point. For the preovulatory FSH surge, the nadir (Nadir 1) in the GnRH-treatment heifers occurred at the hour of treatment. Nadir 1 for the natural FSH surge in control heifers was the lowest value preceding an apparent progressive increase in concentrations. The discrete gonadotropin end points that were used in the comparisons between saline and GnRH groups for the preovulatory LH and FSH surges (see Table 1 ) and the periovulatory FSH surge (see Table 2 ) are shown.
The onset of the periovulatory FSH surge was assigned to the hour with the lowest value (Nadir 2) between the two FSH surges that was followed by a progressive increase in concentrations. The hour of a peak value was not assignable to some of the periovulatory surges because of irregularities or fluctuations. Therefore, the value at the Means within a row with different superscripts are different (P , 0.05).
c,d
LH means with different superscripts are different (P , 0.05).
e,f FSH means with different superscripts are different (P , 0.05). Table 2 Characteristics (means^S.E.M.) of periovulatory FSH surge and follicular wave in heifers treated with saline (n ¼ 7) or GnRH (n ¼ 6).
End point Saline GnRH
Interval ( end of an apparent progressive increase was designated the peak as shown in Fig. 1 . The beginning of a decrease in the FSH surge was the hour with a higher concentration than for all subsequent hours (Fig. 1) . The end of the periovulatory surge was based on the lowest value (Nadir 3) between the defined peak and the end of the bloodsampling period. A comparison of the concentrations among the three nadirs (Nadirs 1, 2, 3) was made in the controls. Fluctuations or surges superimposed on the hourly circulating concentrations of the periovulatory FSH surge in individuals beginning after the peak and before an 8.5 mm F1 were differentiated from variation due to extraneous factors (e.g. variation in assaying technique) as described (Fitzgerald et al. 1985) . (See below for definition of F1 and F2.) The CV of the values composing the ascending and descending portions of the suspected fluctuation had to be at least 2.5 times higher than the mean intraassay CV to be defined as a fluctuation superimposed on the periovulatory surge. In addition, a superimposed fluctuation had to include at least one value between the lowest and highest values for each portion of the surge that preceded and followed the maximal value.
The two follicles in the periovulatory follicular wave that achieved the largest and second largest maximal diameters during the examination period were designated F1 and F2. The growth of F1 was characterized by linear regression analyses for individuals, extending from the highest value that was , 4.5 mm to the lowest value that was .8.5 mm. A linear increase in diameter of F1 has been shown . The hour that the follicle reached 4.5 mm and 8.5 mm was determined from each linear regression line, and the resulting interval was used to represent the growth rate of F1. The linear regression line was used to determine F1 diameter at the hour of designated events during the FSH surge. 
Normalizations and follicle groups
Multiple normalization points relating to different FSH and follicle events were used. Concentrations of LH, FSH and estradiol associated with the preovulatory gonadotropin surges for each heifer were normalized to the hour of the peak concentration of the LH surge. Data for the periovulatory FSH surge were normalized to Nadir 2 (nadir between the two surges). The LH, FSH and estradiol data associated with the periovulatory FSH surge were normalized to the defined peak of the FSH surge to assess the temporal relationships before and after the peak. An F1 diameter of 8.5 mm was used to normalize to the expected beginning of follicle deviation, based on previous determinations in several studies that used the same operator and similar heifers . Expected deviation was used rather than observed deviation because in some heifers the experiment ended before the dominant follicle was identifiable. The actual diameters taken at 12 h intervals normalized to deviation and not the regression lines were used for illustrating the growth profiles of F1 and F2.
The relationships between the dynamics of the periovulatory FSH surge and the dynamics of the periovulatory follicular wave were studied by grouping each of two follicle characteristics into heifers with high vs low values. This approach was used, rather than correlation analyses, so that the variation in the periovulatory FSH surge could be examined relative to different follicle outcomes, as required for testing Hypothesis 2. The follicular characteristics were grouped so that approximately half of the observations would be in each group, but also considering the most pronounced point of separation between groups. The follicular characteristics (high and low groups respectively) were number of 5.0 mm follicles (11.0^1.0, n ¼ 7; 5.7^0.2, n ¼ 6) and length of interval from a 4.5 to 8.5 mm F1 as determined from the linear regression lines (42.1^2.6 h, n ¼ 8; 30.6^1.0 h, n ¼ 5). Number of follicles in a wave was based on follicles that attained a diameter of 5.0 mm. The shape of the FSH surge (main effects of group and hour and the interaction) was compared between follicle groups. In addition, the follicle groups were compared using the discrete FSH end points shown in Table 3 . The relationships between the length of the interval from Nadir 2 to an 8.5 mm F1 and the presence of significant fluctuations that were superimposed on the periovulatory FSH surge were examined by comparing heifers with (n ¼ 7) and without (n ¼ 6) such fluctuations.
Statistical analyses
Student's t-test was used to determine differences between groups for discrete variables such as surge duration and hours to ovulation. Mean values are given^S.E.M. The MIXED procedure of the Statistical Analysis Systems (SAS 1998) was used to compare the main effects of group (GnRH vs saline; high vs low values) and hour and group by hour interaction on repeated measurements for plasma LH, FSH and estradiol concentrations and follicle diameter. The area under the curve of LH and FSH surges was evaluated by the integration of the concentration profiles, using the EXPAND procedure of SAS (1998).
Comparisons of least squares means in SAS were performed using the Tukey adjustment. A probability of P # 0.05 was considered to be significant, and probabilities between P . 0.05 and P , 0.10 indicated that a difference approached significance.
Results
GnRH-induced vs natural preovulatory LH and FSH surges
Every heifer displayed distinct preovulatory LH and FSH surges. The characteristics of the LH and FSH surges in the GnRH-and saline-treated groups (Table 1 ) and the mean profiles for LH, FSH and estradiol normalized to the peak of the LH surge (Fig. 2) are shown. For each gonadotropin, an interaction of day and group (P , 0.0001) reflected a shorter interval from onset to maximal concentration, higher maximal concentration, and shorter interval from onset to end of the surge in the GnRH group (Table 1) . A significant (P , 0.0001) effect of hour for estradiol concentration without an effect of group or an interaction reflected a decline in concentrations beginning at the peak of the gonadotropin surges (Fig. 2) .
Periovulatory FSH surge
The hour effect for the periovulatory FSH surge was significant ( Fig. 3 ; P , 0.0001), but the difference between treatment groups and the interaction of hour and group were not. The variation in the FSH profiles among surges was considerable, including significant fluctuations superimposed on the surge beginning after the defined peak and before an 8.5 mm F1 in 7 of 13 heifers (Fig. 1a , c-g and j). A nadir in FSH concentrations between the end of the preovulatory FSH surge and onset of the periovulatory FSH surge (Nadir 2) was evident in each heifer ( Fig. 1 ) and in the mean for each treatment group (Fig. 3 ). There were no significant differences in concentrations of FSH in the controls among Nadirs 1, 2 and 3 (0.10^0.01, 0.07^0.01 and 0.10^0.0 ng/ml respectively). Characteristics of the FSH surge and follicular wave for each treatment group are shown in Table 2 . Additionally, the interval between the calculated end of the preovulatory FSH surge and the calculated onset of the periovulatory FSH surge was shorter (P , 0.01) in the GnRH group (2.8^0.7 h) than in the saline group (6.1^0.7 h). There were no group differences between treatment groups in the profiles of LH, FSH or estradiol concentrations normalized to the peak of the periovulatory FSH surge or for any of the discrete FSH characteristics, except for the higher concentration at Nadir 2 in the GnRH group. Data for the periovulatory FSH surge were combined for the two groups to study the relationships among hormones and follicles; combining groups was done because the anticipated effect of GnRH on variability of Figure 2 Concentrations (means^S.E.M.) for the preovulatory LH (a) and FSH (b) surges and for estradiol (c) normalized to the peak of the LH surge for saline-( †, n ¼ 7) and GnRH -(W, n ¼ 6) treated heifers. Figure 3 Concentrations (means^S.E.M.) of FSH for the preovulatory and periovulatory surges normalized to the beginning of the periovulatory surge in saline-( †, n¼ 7) and GnRH-(W, n¼6) treated heifers. the periovulatory FSH surge was not indicated in the group comparisons. When normalized to the peak of the periovulatory FSH surge, LH and estradiol concentrations following the preovulatory LH surge reached their lowest mean concentrations 18 and 20 h respectively after the mean for Nadir 2, and 4 and 6 h after the FSH peak (Fig. 4) . Both LH (P , 0.001) and estradiol (P , 0.01) concentrations increased (hour effect) during the interval from the minimal value to 54 h after the peak. However, the first significant increase between the lowest mean and subsequent means did not occur until 37 h for estradiol and 20 h for LH after the FSH peak or 3 h after and 15 h before the mean hour of an 8.5 mm F1.
Ovulation from the dominant follicle of the pretreatment follicular wave occurred during the periovulatory FSH surge in every heifer. Ovulation was observed earlier (P , 0.01) after treatment in the GnRH group (30.0^0.0 h) than in the saline group (50.0^3.4 h). However, when the hour of ovulation was determined with reference to the hour of calculated onset of the preovulatory surge, there was no difference between the GnRH group (30.0^0.0 h) and the saline group (29.9^1.3 h).
Periovulatory follicular wave
The largest follicle in controls was 3.5 and 4.5 mm at 4.8^2.4 and 13.9^2.2 h after the beginning of the periovulatory FSH surge (Nadir 2), based on the linear regression lines for individuals. Nadir 2 occurred before development of a 3.5 mm F1 in each heifer.
The emergence of F1 at 4.5 mm was detected earlier in the GnRH group than in the saline group (Table 2) . The FSH concentrations during the periovulatory FSH surge reached the defined peak (Fig. 1) when the largest follicle was an average of 4.8^0.2 mm. Treatment with GnRH did not affect (P . 0.10) the number of follicles attaining $ 5.0 mm, growth rate of F1 between 4.5 to 8.5 mm, or hour of the expected beginning of deviation as determined from the interval from Nadir 2 to an 8.5 mm F1. The follicle, as well as FSH data were combined for the two treatment groups for further analyses. The changes in diameters of F1 and F2 normalized to the hour closest to an 8.5 mm F1 (expected beginning of deviation) are shown in Fig. 5 . The growth rates of F1 at 12 h intervals were not different (P . 0.1) among the 12 h intervals between 2 24 and 24 h relative to expected deviation. Within F2, the growth rates were not different among intervals until a reduction occurred (P , 0.01) between 0 and 12 h and between 12 and 24 h after the expected beginning of deviation.
The FSH profiles for the heifers with more vs fewer 5.0 mm follicles showed an interaction (P , 0.02), primarily due to lower FSH concentrations in the heifers with more follicles over approximately 12 -48 h after Nadir 2 (Fig. 6 ). The heifers with more 5.0 mm follicles had significantly lower means at the FSH peak and at the beginning of the FSH decline and for the rate of FSH increase between Nadir 2 and the peak (Table 3 ). The differences approached significance for several other FSH end points in the same direction as for the significant differences (Table 3 ). Figure 4 Concentrations (means^S.E.M.) of FSH, estradiol and LH normalized to the peak of the periovulatory FSH surge (n ¼ 13). The vertical broken lines represent the mean hours of a 4.5 mm (emergence) and 8.5 mm (beginning of expected deviation) largest follicle, as taken from linear regression lines. N2 ¼ mean hour of Nadir 2 or lowest concentration between the two FSH surges. Ov ¼ mean hour of ovulation from the previous follicular wave. low ¼ lowest mean; high ¼ first significantly higher mean.
Grouping of heifers into those with longer vs shorter intervals for growth of F1 from 4.5 to 8.5 mm did not result (P . 0.1) in a group effect or group-by-hour interaction for FSH concentrations (not shown), and there were no differences for any of the FSH end points (Table 3) . However, the length of the 4.5 to 8.5 mm interval affected various aspects of the dynamics of F1 as shown (Table 3) .
The heifers with identified FSH fluctuations superimposed on the periovulatory surge (Fig. 1a, c-g and j) compared with the heifers without superimposed fluctuations had a smaller area under the periovulatory FSH curve (8.3^1.1 vs 13.6^2.6 ng, P , 0.05) but had similar (P.0.1) intervals from Nadir 2 to 8.5 mm F1 and from a 4.5 mm to an 8.5 mm F1.
Discussion
It is not known whether the GnRH-dependent preovulatory FSH surge has a physiological role. It does not appear to be necessary for ovulation of a dominant follicle and release of a viable oocyte (D'Occhio et al. 1998) . However, it could be related to emergence of the first follicular wave. In investigating this in the current study we found in normal ovulating animals that the linear regression lines between a 4.5 mm and 8.5 mm F1 indicated that a 3.5 mm F1 occurred a mean of 4.8 h after the nadir between the preovulatory and periovulatory FSH surges, and this temporal relationship occurred in each heifer. The temporal coupling between a change in FSH and a change in follicles is close , and on a temporal basis, emergence of the follicular wave can be attributed to the periovulatory FSH surge alone, supporting the concept that the periovulatory surge accounts for the emergence of the first follicular wave (Hypothesis 1). In this regard, the second follicular wave of the estrous cycle in cattle is preceded by a single FSH surge similar to the periovulatory FSH surge associated with the first wave, without a surge that can be considered similar to the preovulatory surge (Kulick et al. 2001) . In addition, growth of follicles to 3.7 mm did not require an elevation in FSH; the number of follicles #3.7 mm as determined histologically was not diminished when FSH was depressed by follicular fluid treatment (Lussier et al. 1994) . This finding further diminishes the possibility that the preovulatory surge played a role in stimulating the wave. We also observed in the GnRH-treated group that F1 follicles emerged earlier after the FSH nadir than in the normally ovulating heifers. This could be attributed to the GnRH-treated group having a 36% higher FSH concentration at the FSH nadir that was detected between the two FSH surges.
The similarity in the minimal FSH concentrations (nadirs) that occurred before and after the preovulatory surge and after the periovulatory surge has not been shown previously. The depth and consistency in the nadir separating the two FSH surges indicate that each surge is distinct and may result from separate mechanisms. The GnRH treatment and its altered pattern of the preovulatory FSH surge did not affect the pattern of the periovulatory FSH surge. Furthermore, there was no indication that GnRH treatment increased the number of follicles growing to 5.0 mm in the periovulatory follicular wave, thus failing to confirm the results of an earlier report (Bodensteiner et al. 1996) . Despite the failure to increase the variability in the FSH surge by GnRH treatment, there was extensive variation in the patterns of the periovulatory FSH surge among the 13 heifers, thereby facilitating testing of Hypothesis 2 (variation in the FSH surge is related to variation in the follicles). The variation in the FSH surge was demonstrated by the differences among surges in the presence and absence of distinctive peaks and in the interlude between defined peaks and the beginning of the FSH decline. In addition there were significant fluctuations in FSH concentrations in individual heifers as has been demonstrated previously using a cycle-detection program (Bergfelt et al. 1997) . In the present study, FSH concentrations on average continued to decline after the expected beginning of deviation (8.5 mm F1), as previously reported . However, the association between the average decline and the time of expected deviation was not a good representation for individuals; the nadir at the end of the progressive decline in individuals occurred before an 8.5 mm F1 in 5 of 12 surges (Fig. 1c-e, i and j) , and an 8.5 mm F1 occurred during a superimposed fluctuation in three heifers (Fig. 1a,  d and j). These results indicated that a wide array of circulating FSH concentration profiles supported the growth of follicles and the selection of a single dominant follicle.
The variation in the periovulatory FSH surge was related to the variation in periovulatory follicular wave characteristics (Hypothesis 2) for the number of 5.0 mm follicles but not for follicular growth rate or time of occurrence of deviation. Increasing the FSH peak with exogenous FSH increases the number of 5.0 mm follicles (Gibbons et al. 1997) . In the present study, there was no indication that higher endogenous FSH at any point during the surge was associated with the development of more follicles. On the contrary, heifers with more vs fewer 5.0 mm follicles had lower FSH concentrations during 12 -48 h after the nadir between surges, a slower rate of FSH increase between the nadir and the peak, and lower FSH concentration at the peak. It is not reasonable that reduced FSH concentrations would cause development of more follicles, and it is concluded instead that the increasing numbers of 5.0 mm follicles had an increasingly depressive effect on FSH. In this regard, manipulation of the number of 5.0 mm follicles showed that the FSH decline was greater when multiple follicles were retained (Gibbons et al. 1997) . In the present study, the FSH differences between heifers with more vs fewer follicles waned near the expected hour of deviation when only one follicle begins to control circulating hormone concentrations .
The grouping of heifers with longer vs shorter intervals from a 4.5 to an 8.5 mm F1 did not disclose any relationships with the characteristics of the FSH surge. This finding seems consistent with the results of a recent study (Austin et al. 2002) ; experimentally altering the FSH pattern did not affect the diameter of the early dominant follicle (mean diameters 9.1-9.7 mm). Functional experiments involving the manipulation of FSH concentrations have demonstrated that low concentrations of FSH are necessary for deviation to occur (reviewed in Ginther et al. 2001 ). The present results are compatible with the concept that deviation is initiated when the most advanced follicle reaches a certain developmental stage in the presence of low FSH concentrations. This concept can now be expanded to further state that much variation is tolerated in the low or changing concentrations. That is, the occurrence of deviation at variable times relative to a designated reference point (e.g. beginning of the FSH surge, emergence of the wave) appears to be primarily related to the variation in the time expended by the F1 follicle in attaining the appropriate diameter or developmental stage and not the characteristics or variation in the FSH surge. This is an original conclusion.
In addition to the above results, it was found that exogenous GnRH resulted in higher peak concentrations and shorter duration of the induced vs natural preovulatory LH and FSH surges, without an effect on the area under the curve. These results are compatible with the concept that the entire store of gonadotropins was released by endogenous GnRH, as well as by the injection of GnRH. The similarity in the pattern of the preovulatory FSH surge with the pattern of the LH surge within each treatment group suggests that the two gonadotropins used similar mechanisms in the response to GnRH.
We found that estradiol concentrations were maximal at the peak of the LH surge and did not reach minimal concentrations until several hours after the periovulatory FSH peak. Decreasing concentrations of inhibin (Bleach et al. 2001 , Kaneko et al. 2002 , as well as estradiol, may decrease the negative feedback on pituitary FSH before the lowest concentrations of inhibin and estradiol are attained, thereby accounting for development of the periovulatory FSH surge. There was a significant effect of hour on circulating estradiol indicating that there was an increase in estradiol at some point between several hours and 54 h after the FSH peak. However, a significant estradiol increase from the minimal concentration was not detected until near the mean hour of deviation, minimizing the potential that estradiol had an FSH-depressing role throughout the FSH decline. However, an effect of the minimal concentrations of estradiol cannot be discounted. Inhibin A increases during the FSH decline and probably plays a major role in FSH suppression (Bleach et al. 2001 , Kaneko et al. 2002 .
The increase in concentrations of LH and estradiol relative to the hour of the expected beginning of deviation were similar to reported findings, and both hormones are believed to be involved in the deviation mechanism (for a review see Ginther et al. 2001) . Although the increases in concentrations were significant, estradiol and LH concentrations at deviation were only 4 and 6% respectively of the concentrations at the natural preovulatory LH peak. Both hormones demonstrated apparent fluctuations in the means during the FSH decline, probably reflecting pulses that were too frequent to characterize by sampling every hour (Rhodes et al. 1995 , Ginther et al. 1998 . To address this question, more frequent sampling will be needed to characterize the temporal relationships among LH, FSH and estradiol fluctuations.
In conclusion, the periovulatory (second) FSH surge was more prominent in heifers with fewer 5.0 mm follicles in the wave than in heifers with more follicles. This result was attributed to a greater FSH-depressing effect when more 5.0 mm follicles developed. There was no indication that the extensive variation in the periovulatory FSH surge altered the growth rate of the largest follicle or the interval from the nadir at the beginning of the surge to deviation. The interpretation was that deviation is initiated toward the end of the FSH surge when the most advanced follicle is at an appropriate developmental stage and that the appropriate stage is reached independently of the characteristics or variations in the wavestimulating FSH surge. 
